Abstract: The positional distributions of fatty acids (FAs) in fats and oils are principally analyzed by selectively transesterifying the target triacylglycerols (TAGs) at the 1(3) position using Pseudozyma (Candida) antarctica lipase, followed by recovering the resulting 2-monoacylglycerols (MAGs) by chromatography. FA compositions were measured by gas chromatography (GC) after methylating target TAGs and 2-MAGs. The method was collaboratively evaluated by 12 laboratories by analyzing the positional FA distributions in soybean, palm, and sardine oils. The maximum reproducibility relative standard deviations for the major FAs and those at the sn-2 positions of soybean, palm, and sardine oils were 4.41% and 3.92% (18:3n-3), 4.48% and 3.82% (18:0), and 8.93 and 8.24% (14:0), respectively. The values at the sn-2 position were always low. Therefore, these results indicated that the variations were mainly caused by the FA analysis procedure, i.e., the methylation and GC analyses, rather than the enzymatic transesterification and chromatography utilized to prepare 2-MAGs from the target oil.
INTRODUCTION
The positional distribution of fatty acids FAs in fats and oils is closely related to their physical properties and is estimated to influence their physiological functions. In addition to chemical 1, 2 and NMR 3 methods, enzymatic methods to analyze the positional distributions of FAs in triacylglycerols TAGs have been developed since the 1960s 4 8 . These methods are based on selective hydrolysis of acyl groups at the 1 3 -position of TAGs using porcine pancreatic 4, 5 or microbial lipases, such as Rhizopus oryzae lipase 6, 7 . Although these methods have been applied to various vegetable and animal oils consisting mainly of C14-20 FAs, they are not suitable for TAGs containing short chain SC, C6 and polyunsaturated PU, C20 and 4 double bonds FAs. This is because of the lower lipase hydrolysis rates of SCFA and PUFA compared with the rates toward C14-18 FAs 8 .
Therefore, an alternative method applicable to TAGs containing C4-C24 FAs and PUFAs 8 has been developed using immobilized lipase B from Pseudozyma Candida antarctica CALB . CALB-catalyzed transesterification with 10 parts by weight of ethanol per part of TAG at 30 was highly 1 3 -selective and produced nearly 30 2-monoacylglyerols MAGs without detectable levels of 1 3 -MAG 8, 9 . The FA distribution at the sn-2 position was directly determined by normal phase chromatography to isolate the resultant 2-MAGs and by gas chromatography GC to estimate its FA composition. The method was successfully applied to analyze the positional FA distribution of tuna oil containing ca. 25 docosahexaenoic acid DHA 8 , milk fat 8 and solid fats, such as palm oil 10 . The method also effectively showed the trans FA distribution in milk fat 11 .
The CALB-catalyzed transesterification of liquid oils was conducted at 30 for 3 h, whereas the transesterification of fats, such as palm oil with melting points ca. 50 was conducted at 50 for 10 min followed by 30 for 2.8 h. The repeatability and reproducibility of this method have been collaboratively studied by 12 laboratories, in order for the further evaluation to be standardized by Japan Oil Chemists Society JOCS . This report describes the analytical results of the soybean, palm, and sardine oil studies, representing liquid and solid vegetable oils, and marine oils with PUFAs.
EXPERIMENTAL

Chemicals and materials
Refined soybean, palm, and sardine oils were supplied by J-Oil Mills, Inc. Tokyo, Japan , Fuji Oil Co. Osaka, Japan , and NOF Co. Tokyo, Japan , respectively. Immobilized CALBs Novozym 435 and Chirazyme L2-C4 were kindly provided by Novozymes Japan Chiba, Japan and Roche Diagnostics K.K Tokyo, Japan , respectively. Methanol, ethanol 99. 5 , potassium hydroxide, sodium methylate in methanol solution 28 , and other reagents were purchased from Kanto Chemical Co. Tokyo, Japan , Wako Pure Chemical Industries Osaka, Japan , and Nakalai Tesque Inc. Kyoto, Japan and were of analytical grades unless otherwise specified.
Reactions
The standard conditions for enzymatic transesterification were as follows: 0.5 g ca. 0.57 mmol of oil and 5.0 g 0.11 mol of ethanol were put into a screw-capped glass vial. Novozym 435 0.22 g was added to the vial. The vials were shaken at 150-170 strokes per minute using a water bath shaker or a rotary shaker for 3 h at 30 . For the palm oil reaction, the vials were placed in a 50 water bath to liquefy the oil prior to adding Novozym 435 10 . Next, the vials were shaken for 10 min at 50 and then were manually shaken in a water bath controlled at 30 for several minutes. The samples were further shaken in a shaker at 30 for 2.8 h. The reaction mixtures were recovered by filtration using a cotton absorbent and kept at 20 until further analyses.
Chromatography
2-MAGs formed from the enzymatic transesterification were purified by silica gel chromatography. First, the ethanol remaining in the reaction mixtures after 3 h-enzymatic transesterification was removed by evaporation at 50 and ca. 2.7 kPa of vacuum pressure or under a gentle stream of nitrogen gas. The resulting oil sample 0.1 mL was charged to a Sep-Pak Silica cartridge 0.65 g, Waters Co., Milford, MA, USA , which was pre-equilibrated with a solvent mixture of hexane and diethyl ether 8:2, v/v . Fraction 1, which mainly contained FA ethyl esters FAEEs , was eluted with 10 mL of the same solvent system and collected. DAG was then rinsed out with 20 mL of the same solvent system. Fraction 2, which contained mainly MAGs, was eluted with 10 mL of diethyl ether and collected. To prepare MAGs for methylation, which was required for GC analysis, diethyl ether was removed from Fraction 2 by evaporation. Fraction 1 was directly analyzed by GC.
GC analysis of FA composition
TAGs and enzymatically prepared 2-MAGs fractions were typically methylated by one of the following standard methods with or without modifications: JOCS method 2.4. FA methyl ester FAME compositions were analyzed by capillary GC according to JOCS method 2.4.2.3-2013 12 , AOCS method Ce 1b-89 13 , or Ce 1f-96 14 . In a typical case, a GC was equipped with a DB-23 capillary column 0.25 mm 30 m, 0.25 μm, Agilent Technologies, Santa Clara, CA, USA using helium gas as the carrier at a flow rate from 0.8-1.0 mL/min. The temperature of the column was held at 50 for 1.0 min; increased at 10 /min to 170 , and then increased at 1.2 /min to 215 . The temperatures of the injector and the FID detector were set at 250 . The split ratio was 50:1-100:1. All reactions and analyses were conducted twice.
Collaborative study and statistical analysis
The collaborative study and the statistical analysis were conducted with two entries from each laboratory. The statistical analysis of the results obtained by the collaborative study was conducted according to the collaborated study procedure 15 . Here, the minimum limit of area detection was set at 0.1 . Cochran and Dixon tests were conducted considering that FA contents below 0.1 were equal to 0.
The tests were terminated when the values to be tested equaled 3 separate values.
RESULTS AND DISCUSSION
3.1 Collaborative analysis of the regiospecific fatty acid FA distribution in soybean oil using immobilized Candida antarctica lipase B CALB The enzymatic method to analyze FA distributions using immobilized CALB consisted of three main parts.
Step 1: sn-1 3 -selective transesterification of target oil with ethanol using CALB.
Step 2: chromatographic fractionation of resulting 2-MAGs.
Step 3: derivatization and analysis of FA compositions by GC. The procedure, described in detail in Sections 2.2-2.4, is schematically drawn in Fig. 1 .
The method was first evaluated by 12 laboratories using soybean oil Tables 1 and 2 . The enzymatically produced 2-MAGs were recovered in fraction 2 by eluting with either 10 mL of methanol or diethyl ether during chromatography, as described in Section 2.3. The mean values of the major FA contents in soybean oil were 16:0, 10.4 ; 18:0, 3.9 ; 18:1n-9 and n-7, 24.9 ; 18:2, 52.5 ; and 18:3n-3, 6.5 18:3n-3 for the major FAs at the sn-2 positions of soybean oil. This value was smaller than that for the major FAs of soybean oil 4.41 , 18:3n-3 . These results indicated that the enzymatic protocol showed satisfactory repeatability and reproducibility in the collaborative study when applied to soybean oil.
Collaborative analysis of regiospeci c FA distribution
in palm oil by CALB Soybean oil is liquid at 30 , whereas palm oil is solid at this temperature. The lipases, in general, work efficiently on liquid oil but not on solid fat. Therefore, the enzymatic protocol to prepare 2-MAGs from palm oil was modified Section 2.2 11 . In brief, sn-1 3 -selective transesterification by CALB was conducted at 50 for the first 10 min to homogenize the reaction mixture and was further continued at 30 for 2.8 h. In addition, 10 mL of diethyl ether was used to elute 2-MAG to obtain fraction 2, as described in Section 2.3. The use of methanol increased the reproducibility standard deviation in the preliminary trials, although the reason for this has not yet been determined. In the collaborative study of the 12 labs, the mean values of the major FA contents in palm oil were 16:0, 44.6 ; 18:0, 4.4 ; 18:1n-9 and n-7, 38.8 ; and 18:2, 9.9 14:0 . The repeatability and reproducibility in the collaborative study when applied to sardine oil Tables 5 and 6 were higher than those obtained in the soybean and palm oil studies Tables 1 to 4 . Three main reasons can explain this result. One explanation is that more than 50 different types of FAs were separated and detected in sardine oil by GC analysis. The second is that the maintenance of the GC injector port greatly affected the sensitivity of PUFAs. The third reason is the characteristics of the stationary phase used for the capillary columns: TC-70 GL Science was used in labs 5-7, CP-Sil 88 Agilent Technologies was used in lab 11, and SP-2560 Supelco column was used in lab 12. When TC-70 and SP-2560 columns were used, PUFAs were detected in relatively lower amounts, and C14 were detected in relatively higher amounts instead Tables 5 and 6 . In contrast, PUFAs were detected in obviously higher amounts using CP-Sil 88 lab 11 , and C14 were detected in lower amounts instead. These trends were most likely caused by the characteristics of the stationary phases of these columns, as they were specially designed for trans-FA analysis. In addition, an overlap of 16:4 and 18:2n-6 was observed when SP2560 was used lab 12, Tables 5 and 6 in GCMS analysis results not shown . Due to this overlap and the trend that PUFAs tended to be under-or over-detected by the columns designed for trans-FA analysis compared with the columns designed for FAME analysis, such as DB-23 and DB-Wax, trans-FA analysis columns are not recommended for FA analysis of fish oils containing PUFAs in general. In the collaborative study, however, these columns were used to avoid disturbing the routine measurements conducted in the participating labs.
As described above, the higher maximum reproducibility relative standard deviation of sardine oil compared with soybean and palm oils may be caused by large numbers of FA species, GC conditions, and characteristics of the capillary columns but was not caused by the enzymatic procedure utilized to prepare 2-MAGs from sardine oil. Therefore, the procedure might be suitable for regiospecific FA analysis of oils containing PUFAs.
3.4 Immobilized CALB preparations that can be used for the method Immobilized CALBs are commercially available, for example, from Novozymes Novozym 435, 10,000 U/g and Roche Diagnostics Chirazyme L2-C4, 6,000 U/g . The two Table 7 . This result indicated that both preparations were suitable for enzymatic analysis of FA distributions. Chirazyme L2-C4 was also subjected to the collaborative evaluation manuscript in preparation . Table 5 . b) 16:4 and 18:2n-6 were overlapped under the analytical conditions of GC-FID using SP 2560 column.
Estimation of FA compositions at sn-1 3 positions
In our previous study, we reported that acyl migration from sn-1 3 to sn-2 was hardly observed during a 3-h transesterification using CALB 11 . However, acyl migration from sn-2 to sn-1 3 was estimated to occur ca. 15 , and the recovery of 2-MAGs was 28 mol 85 of the theoretical maximum yield, 33 mol . Considering these observations, the FA composition at the sn-2 position was best determined by GC analysis of the 2-MAG fraction, and the composition of the sn-1 3 position was best derived by mass balance using the FA composition of the oil and the sn-2 positions as inputs.
Details of the calculations are given in Table 8 .
Step 1: because the calculation should be performed on molar bases, the area of soybean oil mean value obtained in Table 1 was first converted to the molar ratio by dividing the value by the active carbon number of each FAME and the atomic weight of carbon, 12.01 14 . This was because the sensitivity of the FID expediently depended on the active carbon number of each compound 14 . The relative molar ratio gave the molar percentage of each FA.
Step 2: the area of each FA at the sn-2 position of soybean oil mean value obtained in Table 2 was converted to mol , similarly to step 1.
Step 3: the mol of each FA at the sn-1 3 position was calculated using the following formula: mol of each FA in total oil 3 -mol at sn-2 /2.
Step 4: the mol was multiplied by the molecular weight of the FA not FAME to produce the weight ratio of the FA. Finally, the relative weight ratio yielded the percentage of each FA at each position in weight.
Similarly, the FA compositions at the sn-1 3 positions of palm and sardine oils were estimated Tables 9 and 10 . For sardine oil, the mean value of each FA obtained by labs 1-4 and 8-10 was used for calculations. This was because the data obtained by the capillary columns designed for trans FA tended to wrongly estimate the contents of C14 and PUFAs, as previously described in Section 3.3. The appropriateness of the estimated FA composition at the sn-1 3 position was evaluated when it was compared with the actually measured FA composition of the FAEE fraction fraction 1 in Section 2.3 , which was mainly derived from the FAs located at the sn-1 3 position of the original oil.
Conclusion
A collaborative study evaluating an enzymatic method to analyze FA compositions at the sn-2 positions of soybean, palm, and sardine oils was conducted by 12 labs. The maximum reproducibility relative standard deviations for the major FAs and those at the sn-2 positions of soybean, palm, and sardine oil were 4.41 and 3. Therefore, these results indicated that the data variations were mainly caused by the FA analysis procedure, i.e., the methylation and GC analyses, rather than the enzymatic transesterification and chromatography utilized to prepare 2-MAGs from the target oil. Table 5 and 6, respectively. Mol% and wt% were calculated as described in Table 8 .
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